• Echinogammarus marinus is highly sensitive to temperature rises.
Introduction
Climate change and the associated rise in sea level have the potential to cause changes in estuarine physical properties in a number of ways, thereby influencing the ecology of estuarine-dependent organisms (Fujii, 2012) . In addition to global warming and ad rise in sea level, there are predicted changes in terms of the frequency of severe droughts, excessive precipitation and extreme events (Sagarin et al., 1999; Denny and Wethey, 2001; Jentsch and Beierkuhnlein, 2008) . These phenomena will lead to serious disturbances to the estuarine ecosystem, characterized by variations in temperature and salinity (Cayan and Peterson, 1993; Justić et al., 1996; Fujii, 2012; Jentsch and Beierkuhnlein, 2008) . For estuarine amphipods in the tidal zone, which experience major short-term, long-term or seasonal variations in the environmental temperature and the seawater osmolality (Maranhão and Marques, 2003) , variations in these two abiotic variables (temperature and salinity) may modify the structure, function, and distribution of these estuarine organisms (McKenney, 1996) . Temperature affects these organisms through the control of metabolic rates and the linked effects it can have on reproductive efforts. Salinity effects molting and reproductive success (Cunha et al., 2000; Maranhão and Marques, 2003) .
When the climate or other conditions shift, organisms initially respond with physiological and behavioral adaptations (Somero, 2012) . If adaptation to the new conditions is not possible, the individuals or populations may migrate or become locally extinct (Parmesan, 2006) . The majority of the literature on the impact of climate change, particularly in Europe, focuses on shifts in the geographical ranges of species (Southward et al., 1995; Herbert et al., 2003; Helmuth et al., 2006; Mieszkowska et al., 2007; Wethey and Woodin, 2008; Hawkins et al., 2009) . This evidence suggests that in response to warmer conditions, invertebrates tend to shift their distributions to higher latitudes according to their thermal tolerance and ability to adapt (Harley et al., 2006; Parmesan, 2006; Helmuth et al., 2006; Hawkins et al., 2009; Mueter and Litzow, 2008; Lucey and Nye, 2010) . Other studies conducted on population-and community-level processes suggest that the climatic impacts on individual organisms do not necessarily translate directly into changes in distribution (Harley et al., 2006) . Many observations concerning the climate change response have involved the alterations of the phonologies of species (Parmesan, 2006) . Species that are adapted to large environmental fluctuations usually have a short life span, mature early, produce many offspring and suffer from high fluctuations in population levels. These are typical characteristics and strategies at early successional stages (Pianka, 1970) . Studies on marine invertebrates reported changes in population dynamics and reproductive biology to address stressful conditions caused by climate variations. These specific strategies involve shifts in the following factors: lifespan (Berezina and Gubelit, 2012) ; life cycles (Donn and Croker, 1986; Wildish, 1984; SainteMarie, 1991; Beaugrand et al., 2002) ; reproductive patterns (Van Dolah and Bird, 1980; Kolding and Fenchel, 1981; Skadsheim, 1984; Pardal et al., 2000) , and sex-ratio (the proportion of males to Mortality rate of population groups as a function of density
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The Echinogammarus marinus Leach (E. marinus) is well-adapted to life in estuaries. This organism is a strongly euryhaline amphipod that can survive long emersion periods (Dorgelo, 1973; Pinkster and Broodbakker, 1980) . The Mondego estuary is the southernmost distribution limit of this species, which extends from Norway to Portugal (Maren, 1975a (Maren, , 1975b Marques and Bellan-Santini, 1993 ). In the Mondego estuary, E. marinus is the most abundant species in intertidal communities on hard substrata . It feeds among the eulittoral Fucus vesiculosus (Phaeophyta) on rocky shores and is important prey for birds (Múrias et al., 1996 (Múrias et al., , 1997 . Previous studies on the biology, population dynamics, and productivity of E. marinus have shown that density, the percentage of ovigerous females, the sex-ratio, fecundity, and egg volume are affected by temperature and salinity (Marques and Nogueira, 1991; Maranhão et al., 2001) . Temporal and geographical variations on their life cycle, reproductive patterns and sexual phenotypes have also been revealed (Marques and Nogueira, 1991; Maranhão et al., 2001; Ford et al., 2005 Ford et al., , 2006 Martins et al., 2009) .
The sex-ratio can either be 1:1 or skewed towards females or males (Moore, 1981) . Amphipod populations often show seasonal fluctuations (Vlasblom, 1969) in the sex-ratio (the proportion of males to females); generally, females outnumber males (Powell and Moore, 1991; Cardoso and Veloso, 1996) . Some of the factors behind these underlying differences in the sex-ratios of populations include the following: food availability, sex-based differences in lifespan longevity, reproductive strategies, and sexually biased predation and parasitic factors (Appadoo and Myers, 2004) . These variations in the sex-ratio may also be regulated by environmental conditions. The sex of the offspring is determined by a key environmental trigger that signals to the developing embryo which sex will perform best under specific environmental conditions (Environmental Sex Determination -ESD, Charnov and Bull, 1977) . A facultative decision can also be made by the mother based upon her perception of which sex will have the greater fitness returns given the current environment (Trivers and Willard, 1973) . These different mechanisms in terms of sex determination sexbased differences in lifespan longevity seem to be an adaptive response that enables an individual to adjust its sex for the greatest expected fitness (Charnov and Bull, 1977) .
For adaptive organisms, variation in the sex-ratio is considerably easier (Korpelainen, 1990) . A recent study outlined evidence for environmental sex determination (ESD) in E. marinus, with the photoperiod as the main influential factor in sex determination . Another sex-determining factor in E. marinus populations was correlated with feminizing parasite infections, which leads to a highly female-biased population (Ford et al., 2006; Short et al., 2012) . This parasitic phenomenon results in the occurrence of intersex individuals. In dioecious species (such as E. marinus), both male and female sexual characteristics exist in the same individual; these individuals suffer from reduced fitness compared to normal individuals (Jobling et al., 2002; Kelly et al., 2004 ). An intersexed and female-biased population of E. marinus shows long-term viability, suggesting a selective advantage for female-biased populations owing to a decrease in the reproductive rate of intersex individuals (Martins et al., 2009; Ford et al., 2003) .
Our study was based on the following evidence: i) the reproductive potential increases when a female dominance exists in the population (Emmerson, 1994) and ii) populations with the capability of adjusting their sex-ratios will experience a lessened impact under conditions of high disturbance (density-independent mortality) (Paoletti and Cantarino, 2002) . Assuming that the E. marinus populations are able to adjust their sex-ratio in response to environmental variables, the aim of this study was to test whether fluctuations in the sex-ratio may be a mechanism of persistence and resilience in macroinvertebrate populations against natural disturbances such as climate change. To achieve this, the population response under climate change scenarios was forecasted using a dynamic model of E. marinus populations.
Material and methods

Data and the population dynamics model
In the Mondego estuary (western coast of Portugal, 40°08′N 8°50′W), E. marinus is an abundant species in the intertidal communities and lives in association with the brown algae F. vesiculosus . At this location, it presents an important prey species for the upper trophic levels, specifically birds (Múrias et al., 1996 (Múrias et al., , 1997 . Data from previous studies on the productivity, growth, embryonic development and fecundity of E. marinus (Maranhão et al., 2001 ; 0  15  30  45  60  75  90  105  120  135  150  165  180  195  210  225  240  255  270  285  300  315  330  345  360  375  390 Temperature ( Maranhão and Marques, 2003) were used to calibrate and validate a population dynamics model for this amphipod (Martins et al., 2002) . For modeling purposes, the population was divided into the following four groups: juveniles, immature (non-reproductive) females, adult (reproductive) females and males (Fig. 1) . Growth, maturation (the rate of transfer from immature females to adult females), mortality and recruitment (the reproduction rate of adult females) regulate the variation in group density over time. In addition to measuring density, the model also calculates the variation in group weight over time according to a temperature-dependent modified von Bertalanffy model; this particular model has been considered suitable to describe E. marinus growth (see Marques, 1989; Marques and Nogueira, 1991) . The number of newly hatched juveniles was made dependent on the size of the female, the temperature and the salinity (Table 1) in accordance with the experimental data (Maranhão and Marques, 2003) . The initial model, designated hereafter as the base model, was run using the temperature and salinity data sets. The data were collected at the Mondego estuary in 1994-1995 (Fig. 2) . Temperature and salinity are the forcing functions that regulate reproduction and growth (see Martins et al., 2002 for details).
Scenario simulations
Scenario simulations were run in two distinct phases, as follows: phase I included the variations in temperature and salinity according to the expected variations caused by global warming (IPCC, 2007) , and phase II included the combined effects of temperature and salinity variations, with different realistic proportions of the sex-ratio.
According to the IPCC (Intergovernmental Panel on Climate Change) (2007), climate change predictions include variations in temperature with expected increases of approximately 2-4°C, a rise in sea level and extreme weather events such as droughts and heavy precipitation that may affect salinity due to changes in the riverine freshwater input (Cayan and Peterson, 1993; Justić et al., 1996) .
Based on these predictions, our phase I study evaluated the effects of temperature increases of 2 and 4°C and salinity fluctuations of ±5 psu on the variation in E. marinus populations; these evaluations correspond to scenarios T and S, respectively. The simultaneous and combined effects of T and S variations on the E. marinus populations were also simulated through T-S scenarios.
In phase II, the scenarios that were simulated during phase I were combined with different sex-ratio values (scenario R) to assess whether fluctuations in the sex-ratio could alter the effects caused by variations in temperature and salinity (T-R, S-R and T-S-R scenarios). These values include a sex-ratio proportion of 1:1, N 1 for a male-biased population and b1 for a female population.
Realistic sex-ratio fluctuations were achieved through controlled changes in the fluxes growth IF and growth M . These fluctuations were achieved by increasing the initial values of growth IF and growth M used in the base model to obtain female-and male-biased sex-ratios, respectively. The sum of the two fluxes was the same as in the base model, which ensured that the model validation was not affected.
The initial values used in each simulation are shown in Table 2 . Scenario simulations were run for 11 years.
Results
The simulated temperature increases (phase I, scenario T) caused a progressive decline in the density of the E. marinus populations. A more severe effect was observed when the temperature increased 4°C (Fig. 3a) . Simulated salinity changes (phase I, scenario S) had two opposite effects on the amphipod populations. While a decrease in salinity had a negative effect on the long-term variation in the population, a salinity increase seemed to favor the population by causing a gradual increase in density over time (Fig. 3b) . When salinity and temperature increases were combined (phase I, scenario T-S), the positive effect of salinity was overshadowed by the population decline (Fig. 3c, d) .
During the phase II simulations, all scenarios with male-biased populations presented with a gradual decline over time (Fig. 4) . Scenarios with female-biased populations showed a greater resistance to temperature and/or salinity variations when compared to phase I populations (Fig. 4) . Both phases show a decline in population when temperature increases were 4°C. A temperature increase of 2°C conjugated with a salinity decrease of 5 psu (Fig. 4b, d ) led to a decrease in density over time.
Discussion
Based on the modeling for predicted climate change scenarios, the E. marinus population shows two types of responses corresponding to the phase I or phase II simulations. Phase I simulations suggest that the E. marinus populations are negatively affected by the rise in temperature and the decrease in salinity. Based on models applied here, more severe effects were observed in higher temperature increases. While salinity increases alone would potentially increase the amphipod population, which is in accordance with experimental data (Vlasblom and Bolier, 1971; Pinkster and Broodbakker, 1980) , the simultaneous increases in salinity and temperature appear to result in a gradual decrease in population density over time due to an apparent overlapping effect of temperature and salinity (Fig. 3) .
Previous studies found that the reproductive biology of E. marinus is influenced by salinity and temperature (Marques and Nogueira, 1991; Maranhão et al., 2001; Maranhão and Marques, 2003) . Vlasblom and Bolier (1971) stated that although E. marinus embryos can develop in salinities ranging between 4 and 7 psu, the number of emergent juveniles is reduced as a result. Pinkster and Broodbakker (1980) observed a reduction in brood size with decreasing salinity in laboratory experiments with Eulimnogammarus obtusatus. The following effects ; and intrinsic growth rates were higher at 20°C and lower at 10°C (Maranhão and Marques, 2003) . The decrease in density observed with increases in temperature may be due to metabolic constraints because the reproductive success of an organism is known to require the allocation of a certain amount of the assimilated energy to the gonads in competition with the interrelated processes of maintenance and somatic growth. Thus, higher water temperatures may result in increased metabolic maintenance costs that only allow for a decreased allocation of energy for reproduction (Cunha et al., 2000) . Dorgelo (1973) reported an increase in the oxygen consumption rates of E. marinus with increased temperature. This finding suggests the occurrence of a greater energetic demand from the metabolic processes of maintenance and, as a consequence, the production of smaller broods might reduce the amount of energy expended in reproduction.
Results from phase II study suggest that male-biased populations of the amphipod E. marinus are less resistant and less resilient than female-biased populations to variations in temperature and salinity. Populations with a higher proportion of females can better cope with temperature increases of 2°C, either alone or in combination with salinity increases of + 5 psu. These populations exhibit a gradual increase in density over time, which is related to the enhanced recruitment rate of E. marinus at higher salinities. Even the female-biased populations of the Gammaridae seem unable of coping with temperature increases of 4°C; this issue is related to deviations from the optimum temperature range for growth and recruitment in E. marinus.
Variations in E. marinus populations in scenarios with increasing temperature may be more dramatic if the overall increase in temperature throughout this century is greater than 4°C (up to 6.4°C). Such an increase has been predicted by the IPCC (2007) if growth in the global population and economy and the intensive consumption of fossil fuels persists.
Other issues are related to climate change in regards to increases in the extent and frequency of extreme events, such as floods and droughts (Jentsch and Beierkuhnlein, 2008) . These extreme events, apart from causing fluctuations in salinity, have a negative effect on estuarine benthic invertebrates. In such scenarios, the general species diversity and the abundance of the dominant species decrease (e.g., Bradt et al., 1999; Argerich et al., 2004; Fritz and Dodds, 2004; Robinson et al., 2004; Cardoso et al., 2008) . Studies on Corophium orientale reveled a decreased of more than 95% in the mean density of C. orientale after the drought period. A result of flow increases due to flooding, amphipods can be dragged out from the sediment (Gamito et al., 2010) . In the present work, we took into account the complex configuration of the Mondego. Areas where the flow is less intense allow amphipods to take refuge against flooding, allowing a later recovery to previous levels and promoting high resilience. The sex-ratio is another sign of resilience against unfavorable conditions caused by climate change.
Female-biased populations of E. marinus seem to be more resistant to less favorable conditions such as global warming (Fig. 4) or intersexuality (Martins et al., 2009) . Studies on the dispersion of amphipods and their successful establishment under new conditions also show that a population structure characterized by more females than over males during the reproductive period allows for more rapid population growth. This phenomenon is a common adaptation by many amphipod species and has been described for Gmelinoides fasciatus populations in the Angara River reservoirs (Vershinin, 1967) as well as Lake Onega (Berezina and Panov, 2003) and Neva Bay (Berezina, 2005) . Other species, such as some nematodes, exhibit male-biased populations when conditions are adverse (Snyder et al., 2006) .
The causes of sex determination in amphipods are believed to be multi-factorial . For the amphipod Corophium volutator, biased sex-ratios may be due to the differential predation on adult males by the migrant shorebird. Other sex-ratio deviations in the gammaridean amphipod Hyalella sp. appear to be related to a reproductive strategy (Castiglioni and Buckup, 2008) in which males spend more time choosing, holding and carrying the females; thus, the males are more susceptible to predators than females (Moore, 1981; Powell and Moore, 1991; Kevrekidis, 2005) .
Sex determination in E. marinus has been reported to be linked with feminizing parasites (Ford et al., 2006) . A recent study suggests that there is evidence for environmental sex determination (ESD) in E. marinus under laboratory conditions, where the photoperiod was shown to be an influential factor in sex determination . Other studies on the amphipod Gammarus duebeni indicate that temperature and an interaction between temperature and photoperiod act as cues for ESD as well as the variation in degrees of ESD between different populations (animals from northern climates show ESD, while animals from southern climates do not) (Naylor et al., 1988 ). These studies demonstrate that amphipods have an exceptional flexibility in sex determination, in which individuals make facultative adjustments to the sex-ratios of their offspring in response to local conditions (Charnov, 1982; Hardy, 2002; West et al., 2000) . Moreover, it has been established that fluctuating environments can favor the evolution of mixed strategies (Haccou and Iwasa, 1995; McNamara, 1995; Sasaki and Ellner, 1995) . Although it is not fully understood why different organisms show so much variation in the amount and precision with which they adjust the sex-ratio of their offspring, this phenomenon highlights the fact that sex-ratio adjustment in populations seems to be a mechanism by which those populations maintain their fitness.
Much of the literature on the biogeographic response to climate has tended to focus on long-term trends, such as the poleward progression of species boundaries and changes in phenology (e.g., Parmesan, 2006; Helmuth et al., 2006; Hawkins et al., 2009; Giménez, 2011) .
The E. marinus populations reported in this study are located at the southernmost limit of their species distribution, the Mondego estuary (on the western coast of Portugal) (Maren, 1975a (Maren, , 1975b Marques and Bellan-Santini, 1993) , where the recent average annual water temperature varied between 10 and 27°C (unpublished data from July 2011 to August 2012). Several global warming models and scenarios predict that warming in Western Europe will range between 1.1 and 3.5°C by the end of the 21st century (Meehl et al., 2005) . These warming scenarios place E. marinus populations from the Mondego estuary at considerable risk, particularly if the temperature variance is ≥2°C. This result is accordance with our results. In these circumstances, the southernmost limit of the Gammaridae may become restricted to northern latitudes (45-51°N), which currently have lower water temperatures that the Mondego estuary (Noppe et al., in press; Glé et al., 2008) . According to global warming models (Meehl et al., 2005) , the water temperature at these latitudes will rise to values similar to those currently found at the study site (the Mondego estuary). This result is in accordance with other studies where the northward movement of marine species driven by global warming has been predicted along European coast lines (Philippart et al., 2011) . This phenomenon of migration will influence the food web at the ecosystem level (Cury et al., 2008) .
In the Mondego estuary, the production of E. marinus and the annual average biomass is considered to be relatively high when compared to ) as follows: (a) -A temperature increase of 2°C and a salinity increase of 5 psu combined with a sex-ratio of 1 (solid line), a male-biased population (sex-ratio N 1) (dashed line) and a female-biased population (sex-ratio b 1) (dotted line). (b) -A temperature increase of 2°C and a salinity decrease of 5 psu combined with a sex-ratio of 1 (solid line), a male-biased population (sex-ratio N 1) (dashed line) and a female-biased population (sex-ratio b 1) (dotted line). (c) -A temperature increase of 4°C and a salinity increase of 5 psu combined with a sex-ratio of 1 (solid line), a male-biased population (sex-ratio N 1) (dashed line) and a female-biased population (sex-ratio b 1) (dotted line). (d) -A temperature increase of 4°C and a salinity decrease of 5 psu combined with a sex-ratio of 1 (solid line), a male-biased population (sex-ratio N 1) (dashed line) and a female-biased population (sex-ratio b 1) (dotted line).
values obtained for other amphipod species from temperate zones (Hastings, 1981; Carrasco and Arcos, 1984; Dauvin, 1988) and their ample intertidal distribution. This high biomass allows for accessibility to aquatic predators and birds, suggesting that this amphipod may play an important role in trophic dynamics. Thus, the biogeographical shift or population decline in E. marinus populations due to climate change will lead to important changes in the distribution of their predators/preys. Such a phenomenon may also lead to serious changes in the local or even national distribution of birds (the main predators). This scenario may impact the Mondego estuary ecosystem as a whole.
E. marinus populations will be adversely affected by increases in temperature of ≥2°C; as a result of these changes, the southernmost limit of E. marinus may be displaced approximately 5°N. Populations able to adjust their sex-ratios may be more resilient to climatic changes. In the case of E. marinus, female-biased populations seem to be more resistant to rises in temperature than male-biased populations. When males become too rare to fertilize the available females, the population will collapse (Hatcher et al., 1999) . Female-biased populations of E. marinus may only subsist up to certain thresholds of temperature and sexual bias, in which the number of males are sufficient to fertilize the available females.
